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Introduction {#gtc12309-sec-0001}
============

Cell polarization is of fundamental importance for many biological processes. These include asymmetric cell growth leading to proper cell morphogenesis, polarized cell migration, and mitotic spindle positioning that is required for asymmetric cell division and differentiation (McCaffrey & Macara [2009](#gtc12309-bib-0023){ref-type="ref"}). In principle, cell polarity can be established by accumulation of 'polarity factors', consisting of a cohort of proteins involved in the establishment and maintenance of cell polarity, at a specific cellular site in response to internal and external cues.

The fission yeast *Schizosaccharomyces pombe* offers an ideal system in which to study the molecular pathways underlying cell polarization. These rod‐shaped cells are highly polarized; cells grow only from cell tips with constant width. Immediately after medial cell division, cells start to grow in a monopolar manner by activating the 'old end', which already existed before cell division. Subsequently, at some point during G2 phase of the cell cycle, cells undergo a drastic polarity transition from monopolar to bipolar growth. This regulatory point is referred to as NETO (New End Take Off), in which the 'new end' that was produced by cell division is now activated (Mitchison & Nurse [1985](#gtc12309-bib-0024){ref-type="ref"}). For NETO to take place, two requirements must be fulfilled: DNA replication and attainment of a certain cell size. However, the detailed mechanisms by which the timing of NETO onset is regulated remain largely unknown. A number of monopolar mutants with defects in NETO have been described, and the complex molecular network has started to emerge (Huisman & Brunner [2011](#gtc12309-bib-0013){ref-type="ref"}). Nonetheless, genes whose mutations display premature NETO under unperturbed conditions, which should be instrumental in deciphering the regulatory mechanism, have not been identified.

The microtubule and actin cytoskeletons play a pivotal role in establishment and maintenance of cell morphology in fission yeast as in other eukaryotes (Chang & Martin [2009](#gtc12309-bib-0004){ref-type="ref"}). During interphase, antiparallel microtubules are organized along the cell axis and become nucleated from microtubule organizing centers, which are situated around the nucleus. Microtubules serve to position the nucleus in the cell middle and deliver a group of polarity factors to the cell ends, thereby activating actin/formin‐dependent cell growth.

The kelch‐repeat protein Tea1 and the SH3‐ and protein phosphatase 1 (PP1)‐binding domain‐containing Tea4 play a central role in the control of growth polarity control. These two proteins form a complex and are delivered to the cell tips through microtubules (Mata & Nurse [1997](#gtc12309-bib-0022){ref-type="ref"}; Martin *et al*. [2005](#gtc12309-bib-0020){ref-type="ref"}; Tatebe *et al*. [2005](#gtc12309-bib-0034){ref-type="ref"}; Alvarez‐Tabares *et al*. [2007](#gtc12309-bib-0002){ref-type="ref"}). Once transported to the tips, the complex is tethered to the membrane through the prenylated anchor Mod5 (Snaith & Sawin [2003](#gtc12309-bib-0031){ref-type="ref"}). In the absence of Tea1 or Tea4, cells are incapable of executing NETO: these cells display monopolar growth often with aberrant bent/branched morphologies (Mata & Nurse [1997](#gtc12309-bib-0022){ref-type="ref"}; Martin *et al*. [2005](#gtc12309-bib-0020){ref-type="ref"}; Tatebe *et al*. [2005](#gtc12309-bib-0034){ref-type="ref"}).

Conserved casein kinase 1 (CK1) comprises a large protein family, consisting of four isoforms (α, γ, δ and ε) and serve a wide range of cellular functions as key signaling molecules (Knippschild *et al*. [2014](#gtc12309-bib-0015){ref-type="ref"}). CK1γ is localized to the plasma membrane depending on the C‐terminal double‐cysteine motif, which is modified by palmitoylation (Davidson *et al*. [2005](#gtc12309-bib-0007){ref-type="ref"}). We previously showed that fission yeast CK1γ, known as Cki3, is localized to the plasma membrane and that Cki3 kinase activity is required for the delay in NETO onset downstream of Cds1/CHK2 and calcineurin when S‐phase is blocked (Kume *et al*. [2011](#gtc12309-bib-0019){ref-type="ref"}; Koyano *et al*. [2015](#gtc12309-bib-0017){ref-type="ref"}).

In this present study, we found that Cki3 also played a critical role in the determination of the NETO timing during an unperturbed cell cycle. Further analysis showed that Cki3 acted through Tea1, which was negatively regulated by Cki3‐mediated phosphorylation. We discuss herein how NETO onset is regulated in a spatiotemporal manner through Cki3 and Tea1.

Results {#gtc12309-sec-0002}
=======

Cki3 determines the timing of NETO during an unperturbed cell cycle and ensures cell integrity {#gtc12309-sec-0003}
----------------------------------------------------------------------------------------------

We sought to examine the role of Cki3 in NETO regulation under unperturbed conditions. To precisely follow polarized growth of individual cells, we introduced the CRIB‐GFP (GFP‐tagged Cdc42/Rac interactive binding domain) reporter (Tatebe *et al*. [2008](#gtc12309-bib-0033){ref-type="ref"}), which interacts with GTP‐bound active Cdc42, into fission yeast cells. *cki3*∆ cells initiated NETO in the temperature‐sensitive G1 arrest *cdc10‐129* or S‐phase arrest *pol1‐1546* mutant at the restrictive temperature (Fig. S1A,B in Supporting Information), indicating that Cki3 is necessary for inhibiting NETO before the completion of DNA replication as previously shown (Koyano *et al*. [2010](#gtc12309-bib-0018){ref-type="ref"}, [2015](#gtc12309-bib-0017){ref-type="ref"}). Inspection of growth patterns by live imaging of exponentially growing wild‐type (WT) cells showed that they underwent NETO on average 25 min after cell division, corresponding to \~0.35 of the cell cycle (scale of 0--1, 0 being set at septation) as previously reported (Mitchison & Nurse [1985](#gtc12309-bib-0024){ref-type="ref"}; Fig. [1](#gtc12309-fig-0001){ref-type="fig"}A, top and Fig. [1](#gtc12309-fig-0001){ref-type="fig"}B,C). In contrast, *cki3*∆ cells initiated NETO earlier, \~17 min after cell division corresponding to \~0.31 of the cell cycle (Fig. [1](#gtc12309-fig-0001){ref-type="fig"}A, bottom and Fig. [1](#gtc12309-fig-0001){ref-type="fig"}B,C). Direct observation of growth patterns with conventional bright‐field light microscopy also confirmed earlier onset of NETO in *cki3*∆ cells (Fig. S1C,D in Supporting Information). Consistent with this notion, synchronous culture analysis with centrifugal elutriation confirmed premature NETO onset of *cki3*∆ cells; approximately 40% of small G2 cells at time 0 had already completed NETO (Fig. S1E in Supporting Information). Hence, *cki3*∆ cells showed advanced onset of NETO under an unperturbed cell cycle.

![*cki3*∆ cells advanced NETO. (A) Time‐lapse images of CRIB‐GFP in WT and *cki3*∆ cells. Time 0 (min) indicates cell division. Arrowheads denote the initial appearance of CRIB‐GFP signals to new ends. Scale bar, 5 μm. (B) Distribution of the timing of NETO onset. At least 100 cells were observed in WT (red) and *cki3*∆ cells (blue). (C) Relative cell cycle timing of NETO onset. In each cell, cell length at the beginning of NETO was divided by that at cell division (WT;*n* = 51, *cki3*∆; *n* = 41). The box‐and‐whisker plot indicates the minimum and maximum values, the 25th and 75th percentiles, and the median. \*\*\*\**P* \< 0.0001. (D) Ten‐fold serially diluted WT (top) or *cki3*∆ (bottom) cells were spotted on YE5S in the presence or absence of Calcofluor White and incubated at 36 °C for 2 days.](GTC-20-1046-g001){#gtc12309-fig-0001}

After cell division, unlike old ends, freshly created new ends need to remodel intact cell tips. This process is deemed to be under spatial and temporal control of coordinated biosynthesis of the plasma membrane and cell wall (Estravis *et al*. [2012](#gtc12309-bib-0008){ref-type="ref"}). We surmised that premature polarized growth at new ends might interfere with this coordination. Therefore, we addressed this proposition by examining sensitivity to a cell wall inhibitor Calcofluor White. As shown in Fig. [1](#gtc12309-fig-0001){ref-type="fig"}D, *cki3*∆ cells became hypersensitive to this drug, indicating that NETO execution at a proper cell cycle stage was important for the maintenance of cell integrity, although the involvement of Cki3 in cell integrity independent of NETO regulation is also possible. Taken together, we concluded that Cki3 ensured the proper timing of NETO during the cell cycle, which is necessary for a temporal coupling between polarized growth and cell wall organization.

Phosphorylation of Tea1 is dependent on Cki3 {#gtc12309-sec-0004}
--------------------------------------------

To search for the regulatory factors involved in NETO regulation downstream of Cki3, we first carried out immunoblotting against several known polarity factors on SDS‐PAGE gels and compared side‐by‐side the differences in the mobility of each protein between WT and *cki3*∆ cells. Among the six proteins examined, which included Tea1, Tea3, Tea4, Pom1, Rga4, and Gef1 (Chang & Martin [2009](#gtc12309-bib-0004){ref-type="ref"}; Huisman & Brunner [2011](#gtc12309-bib-0013){ref-type="ref"}), we found that Tea1 displayed a faster motility in *cki3*∆ cells than in the WT ones (Fig. [2](#gtc12309-fig-0002){ref-type="fig"}A and Fig. S2A--C in Supporting Information). Cells containing a kinase‐dead version of Cki3 (Cki3^KD^) or membrane localization‐defective Cki3^SS^ mutant (Koyano *et al*. [2015](#gtc12309-bib-0017){ref-type="ref"}) also displayed a similar faster mobility of Tea1 (Fig. [2](#gtc12309-fig-0002){ref-type="fig"}A). Treatment with λ phosphatase (λ‐PPase) confirmed that Tea1 was a phosphoprotein as previously shown (Kim *et al*. [2003](#gtc12309-bib-0014){ref-type="ref"}); Tea1 mobility was very similar, if not identical, between *cki3*∆ and *cki3* ^*KD*^ */cki3* ^*SS*^ mutant cells (Fig. [2](#gtc12309-fig-0002){ref-type="fig"}A,B).

![Tea1 phosphorylation is dependent on Cki3. (A) Whole cell extracts were prepared from the indicated strains and immunoblotting carried out with anti‐FLAG and anti‐α‐tubulin antibodies. The positions of molecular weight markers are shown on the right. (B) Extracts prepared from WT cells used in A were incubated in the presence (+) or absence (−) of λ‐phosphatase (PPase). (C) Whole cell extracts were prepared from individual cells and immunoprecipitation carried out with anti‐HA antibody. Immunoprecipitates were immunoblotted with anti‐FLAG and anti‐HA antibodies. (D) Cells expressing Tea1‐mCherry and Cki3‐GFP or Cki3^KD^‐GFP were observed under a fluorescence microscope. The middle section of images is shown. (E) Growth polarity was determined by localization of CRIB‐GFP in individual cells. The top panel shows representative images, and the bottom panel indicates quantification (*n* \> 200). Scale bars, 10 μm.](GTC-20-1046-g002){#gtc12309-fig-0002}

Co‐immunoprecipitation experiments showed that Tea1 interacted with Cki3 (Fig. [2](#gtc12309-fig-0002){ref-type="fig"}C), which is in line with previously reported mass spectrometry data (Snaith *et al*. [2011](#gtc12309-bib-0032){ref-type="ref"}). In contrast, we did not see any interaction between Cki3 and Tea4, a Tea1 interactor (Martin *et al*. [2005](#gtc12309-bib-0020){ref-type="ref"}; Tatebe *et al*. [2005](#gtc12309-bib-0034){ref-type="ref"}), although Tea4 bound PP1, as previously reported (Alvarez‐Tabares *et al*. [2007](#gtc12309-bib-0002){ref-type="ref"}; Fig. S2D in Supporting Information). Inspection of Cki3‐GFP and Tea1‐mCherry localization in a single cell showed that Tea1 colocalized with Cki3 at the cell tip (Fig. [2](#gtc12309-fig-0002){ref-type="fig"}D, left), although Cki3 was localized to the whole plasma membrane but with more concentrated signals at the cell tip, as previously shown (Koyano *et al*. [2015](#gtc12309-bib-0017){ref-type="ref"}). Tea1 localization was not altered in the Cki3^KD^ background (Fig. [2](#gtc12309-fig-0002){ref-type="fig"}D, right). It is known that Tea1 is required for NETO execution, as *tea1*∆ cells display NETO‐defective monopolar growth (Mata & Nurse [1997](#gtc12309-bib-0022){ref-type="ref"}). To establish genetic epistasis, we examined the growth patterns of *tea1*∆*cki3*∆ cells. Double mutants displayed monopolar growth patterns, identical to those of the *tea1*∆ single mutant (Fig. [2](#gtc12309-fig-0002){ref-type="fig"}E). Therefore, *tea1* was epistatic to *cki3* with regard to NETO regulation. In sum, Tea1 is phosphorylated through Cki3 probably at the cell tip, the failure of which leads to premature NETO execution.

Induced entrapment of Tea1 by Cki3 results in constitutive hyperphosphorylation of Tea1 with monopolar growth {#gtc12309-sec-0005}
-------------------------------------------------------------------------------------------------------------

To address the impact of Tea1 phosphorylation carried out through Cki3 in NETO regulation, we sought to create an artificial situation in which Cki3 could constitutively phosphorylate Tea1. To this end, we implemented the GFP entrapment strategy using the GFP‐binding protein (GBP; Rothbauer *et al*. [2008](#gtc12309-bib-0028){ref-type="ref"}). Strains containing Tea1 tagged with GBP‐mCherry and Cki3‐GFP or Cki3^KD^‐GFP, all produced from the endogenous promoters, were constructed. Under this entrapment condition, Tea1 was tethered to Cki3 or Cki3^KD^, thereby being localized to the whole plasma membrane (Fig. [3](#gtc12309-fig-0003){ref-type="fig"}A). Protein levels of wild‐type Cki3 and Cki3^KD^ were comparable and more abundant than those of Tea1 or Tea4 (Fig. [3](#gtc12309-fig-0003){ref-type="fig"}B). Intriguingly, immunoblotting of Tea1‐GBP‐mCherry in cells containing Cki3‐GFP showed that Tea1 entrapped by wild‐type Cki3‐GFP, but not by Cki3^KD^‐GFP, was hyperphosphorylated (Fig. [3](#gtc12309-fig-0003){ref-type="fig"}C).

![Entrapment of Tea1 by Cki3 leads to Tea1 hyperphosphorylation and inhibits NETO. (A) Cells producing Tea1‐GBP‐mCherry and Cki3‐GFP (top) or Cki3^KD^‐GFP (bottom) were observed, and fluorescence images were taken. (B) Whole cell extracts were prepared from individual strains and immunoblotting carried out with anti‐RFP antibody. (C) Whole cell extracts were prepared from the indicated cells containing Tea1‐GBP‐mCherry and Cki3‐GFP (WT) or Cki3^KD^‐GFP (KD) or Tea1‐GBP‐mCherry only (−), and immunoblotting carried out with the indicated antibodies. (D) Growth polarity of individual cells was determined with Calcofluor White staining. 'm' and 'b' indicate monopolar and bipolar cells, respectively. Quantification data are shown in the right‐hand side panel.](GTC-20-1046-g003){#gtc12309-fig-0003}

Remarkably, the majority (\>85%) of cells containing Cki3‐GFP and Tea1‐GBP‐mCherry showed monopolar growth (Fig. [3](#gtc12309-fig-0003){ref-type="fig"}D). In stark contrast, cells containing Cki3^KD^‐GFP and Tea1‐GBP‐mCherry displayed, like cells producing only Cki3‐GFP^KD^, mainly (\~80%) bipolar growth instead. As Tea1 became colocalized with either wild‐type Cki3 or Cki3^KD^ to the plasma membrane, it was Cki3‐dependent kinase activity, not its subcellular location, which was responsible for opposing growth polarities. Of note, the cell length of entrapment strains was somewhat longer than that of the WT cells, with some cells showing irregular shapes (in particular cells containing Cki3^KD^‐GFP and Tea1‐GBP‐mCherry), the reason for which is currently not yet being investigated further. It should, however, be noted that it was previously reported ectopic recruitment of Tea4 to cell sides leads to Cdc42 activation and growth initiation from these sites (Kokkoris *et al*. [2014](#gtc12309-bib-0016){ref-type="ref"}). As shown below, under this condition Tea4 is also colocalized with entrapped Tea1 (see below), which may account for these abnormal cell morphologies. Taken together, these results show that hyperphosphorylation of Tea1 through Cki3 prevents NETO onset and that conversely its hypophosphorylation promotes it.

Tea4 dissociates from hyperphosphorylated Tea1 {#gtc12309-sec-0006}
----------------------------------------------

Next, we investigated the underlying reason for Tea1 phosphorylation‐mediated unipolarity. It is known that Tea1 forms a stable complex with Tea4 and that in the absence of Tea1, Tea4 becomes delocalized from the cell tips (Martin *et al*. [2005](#gtc12309-bib-0020){ref-type="ref"}; Tatebe *et al*. [2005](#gtc12309-bib-0034){ref-type="ref"}). Given these preceding results, we examined Tea4 localization in cells containing Tea1‐GBP and Cki3‐GFP. Notably, Tea4 no longer colocalized with Tea1 at the plasma membrane, but instead it was dispersed throughout the cytoplasm (Fig. [4](#gtc12309-fig-0004){ref-type="fig"}A, top). Interestingly, in contrast, in cells producing Tea1‐GBP and kinase‐negative Cki3^KD^‐GFP, Tea4 was localized to the plasma membrane together with Cki3^KD^ (Fig. [4](#gtc12309-fig-0004){ref-type="fig"}A, bottom). Pull‐down experiments fully substantiated these data: Tea1‐GBP‐mCherry coprecipitated with only wild‐type Cki3‐GFP, but not Tea4, whereas it did interact with both Cki3^KD^‐GFP and Tea4 (Fig. [4](#gtc12309-fig-0004){ref-type="fig"}B,C). These results suggested that monopolar growth in cells containing hyperphosphorylated Tea1 was ascribable to the dissociation of Tea4 from Tea1, recapitulating the deletion of Tea1. We also addressed whether Tea4 is dissociated from nongrowing tips during an unperturbed cell cycle. A wild‐type strain containing Tea1‐GFP and Tea4‐mCherry was grown on agar pad and time‐lapse live images were taken every 1 min in cells immediately after division that contain growing old ends and nongrowing new ends. Interestingly, quantification of Tea1 and Tea4 signals showed that these two proteins localized more abundantly to the old end than to the new end; however, Tea1 and Tea4 at the new end still appeared to colocalize as they did at the old end (Fig. S3 in Supporting Information). Thus, whether the dissociation of Tea4 from Tea1 takes place during an unperturbed cell cycle remains to be established. More work will be required to address this issue.

![Tea1 entrapment by Cki3 results in physical dissociation of Tea4 from Tea1. (A) Representative images of Tea4‐mCherry and Cki3‐GFP or Cki3^KD^‐GFP in the presence of Tea1‐GBP. Density‐scan patterns of regions corresponding to white squares in the third panels from the left are shown on the far right corner: green (Cki3‐GFP/Cki3^KD^‐GFP) and red (Tea4‐mCherry). Scale bars, 10 μm. (B) Whole cell extracts were prepared from the indicated cells and pull‐down carried out with RFP‐Trap, followed by immunoblotting with anti‐FLAG, anti‐RFP, and anti‐GFP antibodies. (C) Quantification of immunoprecipitated Tea4 levels shown in (B). Tea1 levels are used as control.](GTC-20-1046-g004){#gtc12309-fig-0004}

If Tea4 dissociation was the reason for monopolar growth in Cki3‐Tea1 entrapment strains, the following two predictions should be fulfilled. The first proposition is that bipolar growth patterns in cells containing Tea1‐GBP and Cki3^KD^‐GFP would become monopolar when Tea4 is deleted. As shown in Fig. [5](#gtc12309-fig-0005){ref-type="fig"}A, a strain containing *tea1‐GBPcki3* ^*KD*^ *‐GFPtea4*∆ exhibited mainly monopolar growth (80%). The second prediction is that the tethering of Tea4 to the plasma membrane in otherwise monopolar Tea1‐GBP and Cki3‐GFP cells would become bipolar. To address this, we created double GBP constructs, Tea1‐GBP and Tea4‐GBP in the Cki3‐GFP background. Interestingly, these cells exhibited NETO‐proficient, bipolar growth (Fig. [5](#gtc12309-fig-0005){ref-type="fig"}B). Hence, localizing Tea4 to the plasma membrane was sufficient to convert growth patterns from monopolar to bipolar irrespective of the phosphorylation status of Tea1. Taking these results together, we propose that Tea1 phosphorylation through Cki3 at the cell tip plays an inhibitory role in NETO onset, which is attributable to compromised interaction with Tea4.

![Tea4 is required for bipolar growth. (A) Tea4 is necessary for bipolar growth in a strain containing Cki3‐GFP ^KD^ and Tea1‐GBP‐mCherry. Growth polarity of each strain was determined with Calcofluor White staining. The percentage of monopolar (red) and bipolar (blue) cells were calculated and plotted (*n* \> 200). (B) Tethering Tea4 in the background Cki3‐GFP and Tea1‐GBP‐mCherry renders cells bipolar. Indicated cells were grown and growth polarity was determined with Calcofluor White staining (*n* \> 200).](GTC-20-1046-g005){#gtc12309-fig-0005}

We then asked whether Tea4 could promote NETO using the similar entrapment system. However, no substantial changes in growth patterns in cells containing Tea4‐GBP‐mCherry in either a Cki3‐GFP or Cki3^KD^‐GFP background were observed (Fig. S4A,B in Supporting Information). Immunoblotting showed that Tea4 was hyperphosphorylated, which was dependent on Cki3 kinase activity (Fig. S4C in Supporting Information), and immunoprecipitation experiments indicated that in either a Cki3 or Cki3^KD^ background, Tea4 formed a complex with Cki3 and Tea1 (Fig. S4D in Supporting Information). This substantiates the notion that hyperphosphorylation of Tea1, but not that of Tea4, is responsible to regulate binding between these two proteins. Therefore, Tea4 is required but not sufficient to alter growth polarity in this entrapment system. Furthermore, *tea1* deletion in a strain containing Tea4‐GBP‐mCherry and Cki3‐GFP resulted in monopolar growth (Fig. S4E in Supporting Information), underscoring the important for Tea1. We surmise that Tea1 plays an additional key role in cell polarity control besides binding and recruitment of Tea4.

Cki3‐mediated phosphorylation of Tea1 at five serine residues is critical for the timing of NETO onset {#gtc12309-sec-0007}
------------------------------------------------------------------------------------------------------

To identity Cki3‐dependent phosphorylation sites within Tea1, we implemented semi‐quantitative liquid chromatography--mass spectrometry (LC--MS). Inspection of phosphopeptides identified nine phosphosites in WT, of which four sites (S502, S503, S553, S556) were hypophosphorylated in *cki3*∆ cells (Fig. [6](#gtc12309-fig-0006){ref-type="fig"}A and Fig. S5A--C in Supporting Information). All these sites corresponded to the consensus phosphorylation sequence catalyzed by CK1, S/T/D/E x~1--3~ S/T (Knippschild *et al*. [2014](#gtc12309-bib-0015){ref-type="ref"}; Fig. S6A in Supporting Information).

![Phosphorylation of four serine residues in the middle region of Tea1 is Cki3 dependent and leads to monopolar growth. (A) Schematic presentation of Tea1 phosphorylation sites. Residues whose phosphorylation levels were significantly changed in *cki3*∆ cells are shown in red. (B) Whole cell extracts were prepared from each strain and immunoblotting carried out with anti‐FLAG and anti‐α‐tubulin antibodies. (C) Each of the indicated strains was grown to the exponential phase and growth polarity determined with CRIB‐GFP. Quantification data are shown at the right (*n* \> 200). (D) Whole cell extracts were prepared from individual cells and immunoprecipitation carried out with anti‐GFP antibody, followed by immunoblotting with anti‐FLAG and anti‐GFP antibodies. Quantification of precipitated Tea4 is shown at the bottom.](GTC-20-1046-g006){#gtc12309-fig-0006}

We then created Tea1 phosphomimetic and nonphosphorylatable mutants by replacing the four serines plus one additional canonical CK1 consensus site (S476) with aspartates and alanines, designated Tea1‐5D and Tea1‐5A, respectively (Fig. S6A in Supporting Information). Immunoblotting showed that Tea1‐5A ran faster in either wild‐type or *cki3*Δ cells and displayed a very similar pattern to that of Tea1 in *cki3*Δ cells (Fig. [6](#gtc12309-fig-0006){ref-type="fig"}B). In contrast, the mobility of Tea1‐5D looked slower than that of Tea1 irrespective of wild‐type or *cki3*Δ background. Cells containing Tea1‐5D showed NETO delay (Fig. [6](#gtc12309-fig-0006){ref-type="fig"}C) and compromised interaction with Tea4 (Fig. [6](#gtc12309-fig-0006){ref-type="fig"}D and Fig. S6B in Supporting Information), characteristic of cells containing Cki3‐GFP and Tea1‐GBP‐mCherry (Fig. [3](#gtc12309-fig-0003){ref-type="fig"}D). Tea1‐5D also effectively inhibited growth polarity transition of *cki3*Δ cells under S‐phase arrest condition (Fig. S6C in Supporting Information). These results are consistent with the idea that Tea1 phosphorylation through Cki3 is inhibitory toward NETO execution. On the contrary and rather unexpectedly, cells containing Tea1‐5A also displayed a similar monopolar growth instead of bipolar patterns under both unperturbed and S‐phase arrest conditions (Fig. [6](#gtc12309-fig-0006){ref-type="fig"}C and Fig. S6B in Supporting Information). The reason for this discrepancy is currently not resolved (see [Discussion](#gtc12309-sec-0008){ref-type="sec"}). However, monopolar growth patterns conferred by Tea1‐5D highly suggested that Tea1 was negatively regulated by Cki3 for NETO execution in fission yeast.

Discussion {#gtc12309-sec-0008}
==========

In this work, we demonstrated that fission yeast CK1γ Cki3 played a decisive role in determining the timing of NETO onset, which was carried out through Tea1 phosphorylation. We found that Tea4 was dissociated from Tea1 upon Tea1 hyperphosphorylation and that tethering of Tea4 to the plasma membrane under this condition restored bipolar growth. We propose that Cki3 monitors the timing of NETO onset through Tea1 phosphorylation by regulating the interaction between Tea1 and Tea4. Five internal serine residues identified in this study were clustered around the central region. Previous work reported that the coiled coil‐rich C‐terminal region (538--1147) of Tea1 on its own is sufficient for the interaction with Tea4 *in vitro* (Martin *et al*. [2005](#gtc12309-bib-0020){ref-type="ref"}). It is possible that the central region acts as a hinge, which may, when phosphorylated, mask the C‐terminal Tea4‐binding domain by the N‐terminal region through an intramolecular structural hindrance, which would be relieved by dephosphorylation.

In contrast to the dissociation of Tea4 from hyperphosphorylated or phosphomimetic Tea1, under normal conditions, Tea1 and Tea4 are reported to constitutively colocalize to both growing and nongrowing ends (Martin *et al*. [2005](#gtc12309-bib-0020){ref-type="ref"}; Tatebe *et al*. [2005](#gtc12309-bib-0034){ref-type="ref"}). We confirmed this notion and furthermore found that Tea1 and Tea4 localized more strongly in the growing end than in the nongrowing end. However, the qualitative differences between these two ends in terms of localization of Tea1 and Tea4 were not discernable under our imaging conditions. We envision that Tea1 and Tea4 at nongrowing ends might dissociate within the cell tip microenvironments. Our results also put forward the proposition that the phosphorylation levels of Tea1 at old and new ends would be asymmetrically regulated in a cell cycle‐dependent manner. We envisage that Tea1 at the nongrowing new end would be phosphorylated through Cki3 and then when microtubules deliver polarity complexes containing additional Tea1--Tea4, in which Tea1 is dephosphorylated through Tea4‐PP1 (though at the moment this notion has not experimentally been shown), it now triggers new growth from this end by activating Cdc42 (depicted in Fig. [7](#gtc12309-fig-0007){ref-type="fig"}).

![A speculative model. At the non‐growing new end (left), Tea1 is phosphorylated through membrane‐bound Cki3, thereby rendering it inactive for the potentiation of growth from this end. It is possible that under this condition, interaction between phospho‐Tea1 and Tea4 is compromised. When Tea1, which is dephosphorylated in a complex with Tea4, is delivered to this end through microtubules (right), this complex activates the actin‐mediated process, thereby triggering NETO. A proposal of the dissociation between Tea1 and Tea4 at the nongrowing ends under unperturbed conditions is hypothetical at the moment. For simplicity, not all polarity factors involved in NETO onset have been shown.](GTC-20-1046-g007){#gtc12309-fig-0007}

In addition to during an unperturbed cell cycle, Cki3 also is required for NETO delay when DNA replication checkpoint is activated (Koyano *et al*. [2015](#gtc12309-bib-0017){ref-type="ref"}). Under the latter condition, Cki3 acts downstream of Cds1 and calcineurin (Kume *et al*. [2011](#gtc12309-bib-0019){ref-type="ref"}). However, as Cds1 is not involved in NETO regulation under a G1 arrest (Koyano *et al*. [2010](#gtc12309-bib-0018){ref-type="ref"}) or during an unperturbed cell cycle (our unpublished observation), we envisage that the upstream regulators of Cki3 during the cell cycle would not be Cds1 or calcineurin. Identification of the upstream factors as well as proteins acting downstream of Tea1--Tea4 would be one of the future directions to be explored. A group of polarity factors that act downstream and/or regulate GTPases Cdc42 and Arf6 including Gef1^GEF^, Rga4^GAP^, Syt22^GEF^, Upc3^GAP^, and For3^Formin^ would be such effectors (Martin *et al*. [2007](#gtc12309-bib-0021){ref-type="ref"}; Fujita [2008](#gtc12309-bib-0009){ref-type="ref"}; Fujita & Misumi [2009](#gtc12309-bib-0010){ref-type="ref"}, [2011](#gtc12309-bib-0011){ref-type="ref"}; Huisman & Brunner [2011](#gtc12309-bib-0013){ref-type="ref"}; Kokkoris *et al*. [2014](#gtc12309-bib-0016){ref-type="ref"}; Das *et al*. [2015](#gtc12309-bib-0006){ref-type="ref"}).

One conundrum with regard to Tea1 phosphorylation and NETO inhibition is that cells containing Tea1‐5A, which were expected to display bipolar growth, grew in a monopolar manner instead, indistinguishable from those containing Tea1‐5D or *tea1*Δ. This finding may be due to several reasons. First, the replacement of the five serines with alanines may have locally disrupted the Tea1 structure; coiled coil profiles predict that Tea1‐5A produces one abnormal coiled coil around this region (Fig. S6D in Supporting Information), suggesting that Tea1‐5A is not equivalent to nonphosphorylated Tea1. Second, perhaps a dynamic equilibrium and balance between phosphorylated and nonphosphorylated Tea1 are critical for NETO onset. The PP1‐binding property of Tea4 (Alvarez‐Tabares *et al*. [2007](#gtc12309-bib-0002){ref-type="ref"}; Kokkoris *et al*. [2014](#gtc12309-bib-0016){ref-type="ref"}) supports this notion. Third, there may be additional phosphorylation sites within Tea1 that are carried out by another kinase (Kim *et al*. [2003](#gtc12309-bib-0014){ref-type="ref"}). Alternatively, substrate(s) other than Tea1 might be operational. It is also possible that the −A and −D substitutions result in the creation of loss‐of‐function Tea1 mutants independent of its phosphorylation status. These propositions are not necessarily mutually exclusive, and further analysis would be necessary to clarify this point.

In many eukaryotes, kelch‐repeat proteins and CK1γ are involved in cell polarity control and linked to several human diseases (Adams *et al*. [2000](#gtc12309-bib-0001){ref-type="ref"}; Knippschild *et al*. [2014](#gtc12309-bib-0015){ref-type="ref"}). In budding yeast, it is known that Kel1/Kel2 and Bud14, counterparts of Tea1 and Tea4, respectively, form a complex, thereby regulating cell polarization (Gould *et al*. [2014](#gtc12309-bib-0012){ref-type="ref"}). CK1γ Yck1 and Yck2 are known to be required for cell morphogenesis (Robinson *et al*. [1999](#gtc12309-bib-0027){ref-type="ref"}). In metazoans, functions of kelch‐repeat proteins are often linked to actin‐mediated cellular processes including cell polarization (Adams *et al*. [2000](#gtc12309-bib-0001){ref-type="ref"}). In *C. elegans*, CK1γ regulates cell polarization through asymmetric spindle positioning (Panbianco *et al*. [2008](#gtc12309-bib-0026){ref-type="ref"}), and in *Drosophila* and *Xenopus*, this kinase is required for proper embryogenesis by coupling Wnt receptor activation to cytoplasmic signal transduction (Davidson *et al*. [2005](#gtc12309-bib-0007){ref-type="ref"}). However, except for fission yeast shown in this study, a functional relationship between CK1γ and the kelch‐repeat proteins remains to be investigated. It would be of great interest to explore this notion, and the results described in this work will be instrumental for forthcoming studies in other systems.

Experimental procedures {#gtc12309-sec-0009}
=======================

Yeast general methods {#gtc12309-sec-0010}
---------------------

Standard media and methods for *S. pombe* were used (Moreno *et al*. [1991](#gtc12309-bib-0025){ref-type="ref"}). Doubly tagged or mutant strains were constructed by tetrad dissection. Gene deletion and tagging were carried out with the PCR‐based method using homologous recombination at the corresponding genomic loci (Bähler *et al*. [1998](#gtc12309-bib-0003){ref-type="ref"}; Sato *et al*. [2005](#gtc12309-bib-0029){ref-type="ref"}). Fission yeast strains used in this study are listed in Table S1 in Supporting Information. Strains were grown in rich YE5S media and incubated at 27 °C unless otherwise stated.

Microscopy and cell imaging {#gtc12309-sec-0011}
---------------------------

The DeltaVision RT system (Applied Precision) consisting of an Olympus IX70 wide‐field inverted fluorescence microscope, Olympus PlanApo ×100 (numerical aperture 1.4) and oil‐immersion objectives, and a CoolSNAP HQ camera (Roper Scientific), was used for observing protein localization and cell morphology. The images were captured and processed by iterative constrained deconvolution using SoftWoRx (Applied Precision). To observe cell morphology, 1 *μ*L of Calcofluor (5 mg/mL) was added in 500 *μ*L of cell cultures (final concentration: 1 *μ*g/mL) and briefly vortex, left at room temperature for 1 min. Cells were then collected by centrifuge (3000 rpm, 1 min) and mounted on 2% agar pad containing glutamate‐based minimal media (Moreno *et al*. [1991](#gtc12309-bib-0025){ref-type="ref"}) with appropriate supplements. For live imaging of CRIB‐GFP, cells were mounted on 2% agar pad containing YE5S and left at 27 °C for 30 min, and then started imaging. The images were taken every 6 min in 10 Z‐sections of 0.4 *μ*m thicknesses each otherwise stated. The max projection images were used for data analysis. Cell length was measured by ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Immunochemistry {#gtc12309-sec-0012}
---------------

Preparation of cell extracts and immunoprecipitation were carried out as follows: 5 × 10^8^ cells were collected by centrifugation. All subsequent manipulations were carried out at 4 °C or on ice. Cells were broken in POM buffer (25 m[m]{.smallcaps} HEPES at pH 7.4, containing 0.1% Triton X‐100, 10% glycerol, 50 m[m]{.smallcaps} potassium acetate, 50 m[m]{.smallcaps} NaF, 60 m[m]{.smallcaps} β‐glycerolphosphate, 2 m[m]{.smallcaps} EDTA, 1 m[m]{.smallcaps} dithiothreitol, 0.1 m[m]{.smallcaps} sodium vanadate, 15 m[m]{.smallcaps} p‐nitrophenylphosphate, 40 *μ*g/mL aprotinin, 20 *μ*g/mL leupeptin, 1 *μ*g/mL pepstatin and 1 m[m]{.smallcaps} phenylmethylsulphonyl fluoride) with acid‐washed glass beads by FastPrep FP120 apparatus (5 × 25 s, power 5.5; BIO‐101, Inc., La Jolla, CA, USA). Extracts were cleared by centrifugation for 2 min at 7000 rpm. Protein concentrations were measured with a Bradford assay kit (Bio‐Rad, Hercules, CA, USA). For immunoprecipitation of Cki3‐HA (Fig. [2](#gtc12309-fig-0002){ref-type="fig"}C), 6 mg of protein was pre‐treated with magnetizable beads conjugated to protein G (Dynabeads, DYNAL; Thermo Fisher Scientific, Waltham, MA, USA) by incubation at 4 °C with rotation for 60 min. The pre‐treated lysates were then separated from the beads and incubated with fresh protein G and a monoclonal anti‐HA antibody (16B12; BAbCO, Berkeley, CA, USA) at 4 °C for 2 h. For pull‐down of GFP‐ or GBP‐mCherry‐tagged strains, 6 mg of proteins was incubated with GFP‐Trap or RFP‐Trap, respectively, (ChromoTek GmbH, Martinsried, Germany) at 4 °C for 90 min with rotation. The beads were then washed in POM buffer, and cell extracts or immunocomplexes bound to them were separated on SDS‐PAGE and analyzed by immunoblotting. The λ‐phosphatase (λ‐PPase; New England Biolabs, Inc., Beverly, MA, USA) was used for phosphatase treatment. Cell extracts were incubated at 30 °C for 1 h in the presence or absence of λ‐PPase (400 units). Antibody probes used for immunoblotting were as follows: anti‐HA (16B12; BAbCO), anti‐GFP (Roche Holding AG, Basel, Switzerland), anti‐GFP (rabbit polyclonal, AMS Biotechnology, UK), anti‐RFP (rabbit polyclonal, 600‐401‐379; Rockland Immunochemicals, Gilbertsville, PA, USA), anti‐FLAG (M2, Sigma‐Aldrich, St. Louis, MO, USA), and anti‐α‐tubulin (TAT‐1, provided by K. Gull, Oxford University, UK) antibodies.

Identification of phosphorylation sites within Tea1 by LC‐MS {#gtc12309-sec-0013}
------------------------------------------------------------

To identity Cki3‐dependent phosphorylation sites within Tea1, we implemented semi‐quantitative liquid chromatography--mass spectrometry (LC--MS). Endogenous Tea1 was immunoprecipitated from wild‐type or *cki3*∆ cells. Corresponding bands were cut out from SDS‐PAGE gels upon colloidal Coomassie staining, digested with trypsin and analyzed by LC--MS. Inspection of phosphopeptides between these two preparations using the Matrix Science Mascot and Andromeda MaxQuant (Cox *et al*. [2011](#gtc12309-bib-0005){ref-type="ref"}) search engines and Skyline software (Schilling *et al*. [2012](#gtc12309-bib-0030){ref-type="ref"}) identified nine phosphosites in WT samples, of which four sites (S502, S503, S553, S556) were hypophosphorylated in *cki3*∆ cells (Fig. S5A--D in Supporting Information). All these sites corresponded to the consensus phosphorylation sequence catalyzed by CK1, S/T/D/E x~1--3~ S/T, in which the first S/T is phosphorylated by another priming kinase. It is noteworthy that all phosphorylation sites are clustered around the central region that is situated between the *N*‐terminal kelch‐repeat and the *C*‐terminal domain rich in coiled coils (Fig. [6](#gtc12309-fig-0006){ref-type="fig"}A).

Statistical data analysis {#gtc12309-sec-0014}
-------------------------

All *P*‐values are from two‐tailed unpaired Student\'s *t*‐tests. Unless otherwise stated, we followed this key for asterisk placeholders for *P*‐values in the figures: \*\*\*\**P* \< 0.0001.
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======================

###### 

**Figure S1** *cki3Δ* cells undergo premature NETO.

**Figure S2** Tea1 is hypophosphorylated in *cki3Δ* cells.

**Figure S3** Localization of Tea1 and Tea4 at the old and new ends.

**Figure S4** Tea4 is incapable of altering growth patterns when tethered to the plasma membrane through Cki3.

**Figure S5** Identification of Cki3‐dependent phosphorylated residues within Tea1.

**Figure S6** Analysis of phosphomimetic and nonphosphorylatable Tea1 mutants.

**Table S1** Strain list in this study
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Click here for additional data file.
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